Abstract Addressing the challenges of using highCurie temperature ferromagnetic (FM) electrodes is critical for molecular spintronics devices (MSDs) research. Two FM electrodes simultaneously chemically bonded with a thiol-functionalized molecule can produce novel MSDs to exploring new quantum mechanical phenomenon and computer technologies. For developing a commercially viable MSD, it is crucial to developing a device fabrication scheme that carefully considers FM electrodes' susceptibility to oxidation, chemical etching, and stress-induced deformations during fabrication and usage. This paper studies NiFe, an alloy extensively used in present-day memory devices and high-temperature engineering applications, as a candidate FM electrode for the fabrication of MSDs. Our spectroscopic reflectance studies show that NiFe oxidized aggressively after heating beyond *90°C. The NiFe surfaces, aged for several months or heated for several minutes below *90°C, exhibited remarkable electrochemical activity and were found suitable for chemical bonding with the thiol-functionalized molecular device elements. NiFe also demonstrated excellent etching resistance against commonly used solvents and lithography related chemicals. Additionally, NiFe mitigated the adverse effects of mechanical stress by subsiding the stress-induced deformities. A magnetic tunnel junction-based MSD approach was designed by carefully considering the merits and limitations of NiFe. The device fabrication protocol considers the safe temperature limit to avoiding irreversible surface oxidation, the effect of mechanical stresses, surface roughness, and chemical etching. This paper provides foundational experimental insights in realizing a versatile MSD allowing a wide range of transport and magnetic studies.
Introduction
The realization of molecular spintronics devices (MSDs) for advanced computers will depend on successfully connecting molecules with the ferromagnetic (FM) electrodes (Tyagi 2009 (Tyagi , 2011 Petta et al. 2004; Pasupathy et al. 2004) . Particularly, connecting the spin state of a magnetic molecule with two FM electrodes of high Curie temperature is crucial for the further advancement of MSDs. Directly connecting the magnetic molecules, such as single-molecule magnets and porphyrin, to FM electrodes can yield the promising devices for the quantum computation (Coronado and Epsetin 2009; Leuenberger and Loss 2001) . Quantum mechanical calculations have predicted that connecting molecular magnets with FM electrodes can lead to novel random access memory (Misiorny and Barnas 2007) , spin photovoltaic effect (Fedorov et al. 2005) , etc. However, producing MSD where two FM electrodes are at a distance equal to single-molecule length has been extremely challenging. These challenges are mainly due to three key reasons: (i) lack of experimental studies with new progressive approaches addressing the issues with conventional MSDs fabrication schemes (Tyagi 2011) ; (ii) lack of systematic knowledge about process parameters for safely employing FM electrodes in MSDs; (iii) lack of understanding about the importance of selecting molecules with thiol (-S) linkers to make air stable bond with various FM electrodes.
In previous studies, the first key reason of finding a progressive MSD fabrication approach was addressed. One of the coauthors contributed to the development of a new MSD approach that is based on transforming a magnetic tunnel junction (MTJ) into MSD. This approach utilizes a simple photoresist liftoff step for creating exposed edges of an MTJ (Fig. 1a ) to attach molecules with thiol(-S) functional groups (Fig. 1b) . Bridging molecules across insulating spacer yield an MTJ-based MSD (MTJMSD). In previous studies, we discussed empirically identified experimental insights about MTJMSD fabrication (Tyagi et al. 2007 (Tyagi et al. , 2015a Tyagi 2012) . We reported our insights about the impact of magnetic molecules on the magnetic properties of resultant MTJMSDs (Tyagi et al. 2015a, b, c) . We also highlighted the unique attributes of MTJMSDs that can potentially help in overcoming the limitations of conventional approaches that MSD researchers have been attempting over 15 years. An MTJMSD approach addresses the major limitations of the conventional low yield planar nanogap junction (PNJ) approach. In the PNJ spintronics device, a single molecule is physically placed between two nickel (Ni) FM electrodes (Pasupathy et al. 2004) . However, for the successful MTJMSD fabrication, it is critical to use thiol-functionalized molecules and Ni or Ni-based FM electrodes. In the previous studies, due to limited knowledge, we were unable to highlight the importance of having molecular device elements with the thiol functional groups. In this paper, we provide systematic knowledge about process parameters for safely employing FM electrodes in MTJMSDs.
However, NiFe has been also studied as a promising FM electrode by two other groups for different kinds of molecule-based devices. These devices rely on sandwiching multiple monolayers of molecules between FM electrodes and function on very different physics as compared to an MTJMSD. Gobbi et al. (2012) demonstrated the use of NiFe electrodes with *5 nm C 60 molecular layer. Their device protocol was based on sandwiching a C 60 molecular layer between the two FM electrodes. In another study, Golmar et al. (2012) discussed NiFe as an electrode for the C 60 molecule-based field effect transistor. This study utilized NiFe as a replacement of gold (Au). However, both of these studies have entirely different objectives and functionality as compared to MTJMSDs. Device fabrication approaches in these prior studies are not helpful for the MSD researchers facing a unique set of challenges while attempting to chemically bonding the two FM electrodes with a magnetic molecule or molecular device element. For the first time, this paper addresses the foundational issues that have been hindering experimental realization of configurable and commercially viable MSDs.
Experimental methods
This paper reports a study on two types of samples. The first set of samples was utilized for the oxidation sensitivity of FM electrodes. We employed Ni(80) Fe(20) , cobalt (Co), nickel (Ni) thin films alone or with a tantalum (Ta) wetting layer. From this point onwards, NiFe will refer to Ni(80)Fe(20) . For all the studies, unless stated differently, a cleaned, oxidized silicon wafers were utilized. Thin film deposition was conducted with an AJA International multi-target sputtering machine. The deposition of NiFe and Co was accomplished with 150 W gun power at 2 mtorr argon gas pressure. The base pressure of the sputtering machine, before starting a deposition step, was *2 9 10 -7 torr. The deposition of Ta wetting layer was deposited at 100 W gun power and 2 mtorr argon gas pressure. Along with NiFe and Co, we also investigated oxidation stability of nickel (Ni) metal. A 50 nm Ni film was thermally evaporated in Kurt J Leskar thermal evaporator on borosilicate glass substrate. To study the changes in the NiFe surface, spectroscopic reflectance measurements were performed using the Semiconsoft M-Probe system. We investigated the effect of temperature on the oxidation stability of *10-nm-thick NiFe deposited on *2 nm Ta seed layer. We choose this NiFe thickness based on its typical thickness range in the recent molecular devices. Then Ta (2 nm)/NiFe(10 nm) was heated from 22 to 157°C temperature range; at every temperature setting, a sample was heated for 30 min. For each temperature, three different samples were studied; on each sample, three scans were conducted. Before scanning the target, a sample scan of oxidized silicon reference was used for calibration. Finally, nine datasets were averaged to yield one representative dataset for each temperature. We also conducted a gold (Au) metal deposition test on a NiFe surface to examine the changes in electrochemical activities with the exposure to ambient conditions. For the electrochemical studies, a Princeton Applied Research VersaSTAT 4 potentiostat was utilized. We used TG-25 E (TECHNIC INC, USA) Au solution for this study. To validate this hypothesis, we electrodeposited Au at *10 mA/cm 2 current density. To verify the results of spectroscopic reflectance studies, we also performed scanning tunneling microscopy (STM). For this study, a NAIO STM from Nanoscience Instrument was utilized.
However, the second set of samples aimed for integrating FM electrode in an MSD and conducting charge transport or magnetic study to discuss the FM electrode stability with an MTJMSD. The MTJMSD fabrication protocols for transport study (Tyagi 2012; Tyagi et al. 2007; Tyagi and Hinds 2010) and magnetic study (Tyagi et al. 2015a, b, c) was based on published methodologies. As discussed elsewhere in this paper due to numerous favorable physicochemical properties, NiFe has been the key FM electrode for the MTJMSD fabrication. The NiFe FM electrode is strategically positioned around *2 nm AlOx (Fig. 1a) to facilitate its direct bonding with the molecular device elements (Fig. 1c) .
Results and discussion
To understand the oxidation susceptibility of commonly used high-Curie temperature FM electrodes, we conducted spectroscopic reflectance studies. We initially studied NiFe FM electrode. The complete reflectance spectra on NiFe films did not exhibit any noticeable change in the reflectance between room temperature and *90°C (Fig. 2a) . After 90°C, the reflectance of NiFe changed remarkably (Fig. 2a) . Change in reflectance was very pronounced around 600 nm wavelengths. The reflectance at 600 nm versus temperature graph clearly showed that major changes in the NiFe occurred only around 90°C (inset graph of Fig. 2a) . We also studied reflectance of the *10 nm Co to investigate its oxidation characteristics with temperature. The Co layer showed that it is also stable up to *90°C (Fig. 2b) . The reflectance at 600 nm for Co also starts dropping around 90°C (inset graph of Fig. 2b ). NiFe oxidation attributes appear to be similar to that of Co. However, elsewhere in this paper, we discuss other criteria like chemical reactivity and mechanical stability to illustrate the advantages of using NiFe over Co. Due to these reasons, an MTJMSD fabrication protocol was designed such that only NiFe forms chemical bonds with the molecular device elements (Tyagi et al. 2007 (Tyagi et al. , 2015a . Nickel is also used in the planar nanogap junction devices (Pasupathy et al. 2004; Yamada et al. 2011 ). In the prior study on MTJMSD fabrication (Tyagi et al. 2007 ), a reversible molecule attachment-based control experiment with the MTJMSD approach also utilized Ni as one of the electrodes. To understand the nature of Ni oxidation with temperature in the air, we also conducted spectroscopic reflectance study (Fig. 2c) . Coincidently, similar to NiFe and Co the Ni film also started oxidizing rapidly around *90°C. However, spectroscopic reflectance response for Ni was much different than that for NiFe and Co. This study suggests that *90°C is a crucial temperature limit for the commonly used FM electrodes for designing MSDs.
In case of NiFe, we found that another published work supported our reflectance study. Our reflectance versus temperature data on NiFe were in excellent agreement with the Ferromagnetic Resonance (FMR) study on NiFe. According to Zhu and McMichael (2010) , the FMR line width (mT) versus frequency graph showed no statistical difference between as grown and NiFe oxidized at 100°C. Further heating changed the signal intensity significantly. However, it must be noted the sample used in FMR study (Zhu and McMichael 2010) possessed Ta (3 nm)/NiFe (20 nm)/ AlOx (5 nm) configuration with AlOx on the top; on the other hand, for our spectroscopic reflectance study, Ta (2 nm)/NiFe (10 nm) was utilized. Additionally, for the FMR study (Zhu and McMichael 2010) , oxidation was performed in a pure oxygen environment; however, in our case, oxidation occurred in the air. These experimental differences may account for the difference in temperature for the onset start of the NiFe oxidation. The temperature used for the FMR and spectroscopic reflectance study were *100 and 90°C, respectively. However, this FMR study did not focus on smaller temperature increment below *100°C
and hence do not pin point the actual point of beginning of onset oxidation.
The reason behind a sudden change in reflectance and FMR signal is presumably due to the changes in oxidation mechanism around 90°C. At temperatures lower than 90°C, the growth of an oxide film is presumably governed by the diffusion of metallic ions and electrons. The diffusion of metal ions and electrons is suggested to be due to concentration gradient and self-generated electric potential (Salou et al. 2009 ). However, at higher temperatures, oxidation kinetics are governed by the diffusion of O ions through the growing oxide layer (Salou et al. 2009 ).
In addition to the data discussed in Fig. 2 , the published literature also provides useful insights about the NiFe surface interaction with O or air. Numerous XPS studies have been performed to investigate the NiFe surface. Typically NiFe were oxidized near room temperature. Brundle et al. (1979) performed LEED and XPS study on Ni(76)Fe(24). After oxygen exposure, the NiFe surface possessed patches of FeOx and metallic or unoxidized Ni. Atoms in the metallic or unoxidized Ni regions were covered with a c(2 9 2)O superstructure (Brundle et al. 1979 ). In the FeOx patches, the concentration of Fe was higher than the original alloy concentration (Brundle et al. 1979; Bruckner et al. 2001a, b) . Bruckner et al. (2001a, b) studied Ni(80)Fe(20) oxidation in air and corresponding changes in the surface chemistry. It is noteworthy that research discussed in this paper also used Ni(80)Fe (20) alloy.
Experimental studies suggest that NiFe exhibited a preferred formation of FeOx over NiO. This result is consistent with observations made by Bruckner et al. (2001a, b) . The preferred formation of FeOx is due to (Greco et al. 1982) . Recently, Salou et al. (2008) concluded that oxidation of NiFe is significantly less efficient than the oxidation of pure Ni and Fe surfaces (Salou et al. 2008) . The XPS studies on polycrystalline NiFe showed that the effective thickness of NiO was *2 Å , while the effective thickness of NiO on pure Ni was *12 Å (Salou et al. 2008 ). This study substantiated that O dissolution into the NiFe was significantly less with respect to pure Ni. In addition, on the NiFe surface, about 56 % of the Fe was present as FeOx and hydroxide. However, on the pure Fe surface, about 86 % of Fe was present as FeOx and hydroxide (Salou et al. 2008) . The thickness of FeOx patches on the NiFe was determined to be 8 ± 2 Å ; this thickness is significantly less than *17 Å FeOx thickness observed on pure Fe (Salou et al. 2008) . Elsewhere in this paper, we discussed that NiFe exposed to air is suitable for making molecular devices; however, molecular device elements should preferably contain thiol functional groups to bind with metal electrodes.
Utilizing spectroscopic reflectance data and prior XPS results, we developed a mathematical relation between NiFe oxide thickness and temperature. Based on NiFe's spectroscopic data in Fig. 2a , it is apparent that reflectance for 600 nm decreases linearly after 90°C
. Presumably, a linear decrease in absorbance corresponds to a linear increase in the NiFe's oxide thickness. We noticed whole *10 nm NiFe thickness oxidized between 90 and 157°C range. We estimated the slope of oxide growth to be 0.17. Also, the estimation of oxide thickness below 90°C was obtained from the XPS data. On NiFe surface, NiO thickness was estimated to be 0.2 nm and FeOx thickness was measured to be *0. 8 nm (Salou et al. 2008 ). We made a conservative estimation of initial NiFe's oxide thickness be 0.8 nm. Combining the spectroscopic reflectance and XPS data, we developed the following mathematical model for NiFe's oxide thickness in nm (t ox ):
It is noteworthy that heating rate is not identified as a major parameter in our study. Temperature of a sample remained constant during most of the oxide growth duration at each temperature setting. Typically, temperature of sample increased from room temperature to the desired temperature in *1 min.
The effect of heating and exposing NiFe to ambient conditions was studied by other approaches to validate the interpretation from reflectance study. Visual inspection showed a Ta (2 nm)/NiFe (10 nm) film's color remained intact even after exposure to ambiance for more than 8 months. The color of a Ta (2 nm)/ NiFe (10 nm) is shown in Fig. 3a . In another controlled study, a Co (5 nm)/NiFe (5 nm) bilayer did not show any noticeable signature of volume oxidation after *10 years aging in the open ambiance. A fully oxidized NiFe exhibited dark blue color texture (Fig. 3b) . The NiFe sputter deposited with O plasma also produced a blue color film. However, even a 5-nm NiFe did not change color after *10 years in ambient conditions. This observation showed that NiFe is stable and does not undergo progressive oxidation or volume oxidation if stored near room temperature. Device fabrication steps can avoid volume oxidation by avoiding FM electrode's exposure to the air or an oxygenated environment [90°C. Also, we do not understand the impact of heating rate on the possibility of observing volume oxidation. However, ensuring heating rate 1°C/s, typically observed during photoresist baking and used in this study, appears to be optimum.
We investigated if surface oxides or adsorbed O on the NiFe surface has blocked the metallic sites and may prevent the bonding with the thiol functional group of a target molecule. Electrochemical reactionbased metal surface functionalization is very effective and a quick way to connect metal-thiol bonds (Cheng et al. 2004 ). Metal cannot adhere to an oxidized metal surface in the analogous manner as thiol-functionalized molecule cannot form strong metal-S bonds. Hence, a metal should be oxide free or should have easily removable native oxide before the commencement of electrochemistry-based deposition or molecular self-assembly. Therefore, we first attempted to ensure that the NiFe surface exposed to ambient conditions below 90°C is electrochemically active. We hypothesized that if NiFe is electrochemically active, then it will respond to the electrodeposition of Au metal. We considered Au metal deposition because recognizing Au film is much easier than discerning molecular monolayers. To validate this hypothesis we electrochemically deposited Au on Ta (2 nm)/NiFe (10 nm). NiFe surfaces of the samples were only rinsed with DI water prior to Au deposition. This step yielded visibly continuous Au film and clearly showed that NiFe surface is not blocked by the oxide layer (Fig. 3c) . The ability to deposit Au is in agreement with the XPS studies emphasizing that NiFe exposed to air possesses elemental Ni and pockets of \0.8 nm iron oxide (FeOx) on the surface. We also hypothesized that sub-monolayer-thick FeOx either may get etched off during electrochemical reactions or is conductive enough to enable Au deposition on it. This experiment suggests that NiFe has potential to electrochemically binding with thiol terminal groups to make chemical bonds with the intended molecules (Li et al. 2006a, b; Zwolak and Di Ventra 2002; Jurow et al. 2010; Bogani and Wernsdorfer 2008) . Prior studies demonstrated that electrochemistry-based molecular self-assembly (Cheng et al. 2004 ) was efficient. This effectiveness of electrochemistry-based molecular assembly established metal-molecule bonds (Tyagi et al. 2007) .
We investigated the electrochemical activity of NiFe films heated at various temperatures in air. NiFe film heated at *80°C still allowed electrochemical Au deposition. However, heating NiFe at 157°C makes it unsuitable for electrochemical deposition. A NiFe film color changed from silver white (Fig. 3a) to deep blue (Fig. 3b) due to high-temperature oxidation. During molecular device fabrication, the NiFe metal electrode must not be exposed to air at temperatures higher than 90°C. Alternatively, one may ensure that inert gasses are flushed on the sample during brief heating steps in photolithography-like processes.
To further test that NiFe surfaces do not possess a prohibitive oxide layer potentially hindering metalthiol bonding, we conducted STM studies. The STM study on [5-day-old NiFe sample stored at room temperature showed good tunneling current and clear surface morphology (Fig. 3d) . However, the NiFe sample heated at 157°C for 30 min showed the loss of tunneling current (Fig. 3e) . The loss of tunneling current is due to the oxidation of Ta/NiFe layer. A complete oxidation of the Ta/NiFe is also evident from the change in film color (Fig. 3a, b) and spectroscopic reflectance data (Fig. 2a) . Interestingly, the tunneling current under the similar experimental conditions was still very high on the *10-year-old NiFe surface (Fig. 3f) . The order of tunneling current was in the nA range and was comparable to the freshly deposited NiFe. These studies suggest a NiFe electrode stored in ambient conditions and not heated above 90°C is promising for fabricating durable molecular devices.
Focusing on molecules alone is insufficient to develop novel MSDs based applications. It will be essential to change the magnetic hardness of the two magnetic electrodes. In the prior studies, the difference in the magnetic hardness was crucial for observing molecule induced dramatic changes. Differing dimensions of Ni FM electrode produced Kondo peak splitting in electromigration produced planar nanogap junctions (Pasupathy et al. 2004) . The route to change the magnetic hardness of an FM electrode is straightforward with the MTJMSD approach ( Fig. 1) (Tyagi 2011) . In an MTJ for MSD, NiFe can play a crucial role in producing a variety of MSDs. One can easily manipulate magnetic attributes by depositing NiFe along with other magnetic or antiferromagnetic films (Parkin 2006; Miao et al. 2011; Zhu and Park 2006) . However, in the event when NiFe is used along with other films, there may be additional stability issues and concerns. For instance, an MTJMSD utilizing a Co/ NiFe bilayer as the bottom electrode and NiFe as the top electrode required the careful designing of the bottom electrode (Tyagi 2008) .
The *10-nm-thick bottom electrode with Co (2-8 nm)/NiFe (8-2 nm) was investigated for the application in MTJMSDs. This bilayer FM electrode has been critical in observing paramagnetic molecule induced strong exchange coupling between FM electrodes in MTJMSD (Tyagi et al. 2015a, b, c) . We chose *10 nm thickness for the FM electrode to have optimum magnetic properties, conductivity, and mechanical stability. In-depth discussion about the correlation between FM electrode thickness and magnetic properties has been discussed elsewhere (Kumar et al. 2009; Ingvarsson et al. 2002) . For the thickness range, we used typical grain size thickness is same as the actual thickness; along the plane grain grows in the columnar manner (Bruckner et al. 2001a, b) . For such *10 nm, polycrystalline film magnetic domains are expected to be bigger than the physical structural grains and will be governed by the balance of energy minimization (Coey 2010) .
We noted that Co thickness in 6-8 nm range yielded unstable bilayer bottom electrode. These bilayer bottom FM electrodes with Co thickness in 6-8 nm range showed localized chemical etching during molecule attachment protocol. It is noteworthy that Co exhibited a strong tendency to get etched when interacted with a molecular solution in dichloromethane (CH 2 Cl 2 ) during molecule attachment protocol. For molecule attachment, molecules were dissolved in a CH 2 Cl 2 solvent to produce 1-5 mM molecular solution. This paper utilized organometallic molecular complexes (OMCs) (Li et al. 2006a, b) .
Interestingly, unlike Co, a NiFe film showed remarkable stability even after *10 min of interaction with the molecular solution during molecule attachment process. In the Co/NiFe bilayer, only Co is prone to etching. It was hypothesized that this metal is somehow coming to the surface and showing localized pitting and etching. It is noteworthy that this phenomenon was mainly observed when Co thickness was [6 nm. Under the influence of compressive stresses, a Co film moved vertically away from the substrate and poked through the 2-4 nm NiFe top layers. It is noteworthy that planar mechanical strength decreases as the film thickness increases (Tyagi and Hinds 2010) . The Co film with *10 nm thickness produced nanoscale hillocks through *2 nm AlOx also. Nanohillocking via tunnel barrier directly damaged the MTJs, and hence, Co was not used for the MTJMSD fabrication (Tyagi 2012; Tyagi and Hinds 2010) . On the other hand, nanohillocking via NiFe FM films made bottom electrode susceptible to chemical etching (Tyagi 2012) .
Additionally, the presence of nanohillocks can modify the magnetic properties of an FM electrode. Kumar (2010) have studied the effect of nanostructure on the magnetic attributes of a Ni. We do not understand the impact of nanohillocks on FM electrode magnetic attributes. However, in the light of prior work (Kumar 2010 ), nanohillocks will affect Co magnetic properties. However, in future, studies may be undertaken to investigate the correlation between nanohillocks and Co film magnetic properties. However, it is best to avoid nanohillocking by depositing Co in 2-5 nm film thickness range. It was found that common FM alloys produce clear hysteresis loop for thickness [2 nm (Ingvarsson et al. 2002) . The magnetic coercivity changes linearly with the thickness (Ingvarsson et al. 2002) . Kumar et al. (2009) have illustrated further insights about the typical relation between coercivity and thickness for FM electrode with[10 nm thickness. It is also important to note that grains of FM films in this thickness range will be columnar along thickness and planar along the substrate plane (Bruckner et al. 2001a, b) . With the modification of the surface of FM film with molecules, insulator, and surface oxidation, the magnetic domain size may be significantly different than the structural domain. Also, polycrystalline nature of sputtered films may also have a strong impact on the correlation between structural and magnetic domain size. Future studies focusing on the magnetic switching and device functionality may be required to investigate the correlation between structural and magnetic domains and domain boundaries.
Moreover, this paper mainly focused on discussing FM electrode attributes with regard to the successful fabrication of MTJMSD. We summarized the suitability of common FM electrodes with regard to oxidation susceptibility, etching susceptibility in alkaline developer during fabrication and etching susceptibility in CH 2 Cl 2 -based molecular solution, and adverse effects of mechanical stresses on MTJMSD stability (Table 1 ). We also noticed that, unlike NiFe, a Co electrode was prone to etching when exposed to some developer chemicals during photolithography. However, due to NiFe's chemical resistance, we experienced that Co (2-4 nm)/NiFe (6-8 nm) bilayer electrodes produced very stable and smooth FM electrodes and yielded low leakage current. The Rq roughness of Co/NiFe bilayer electrode was\0.4 nm rms. The smooth bottom electrode is very useful for producing low leakage current in tunnel junction-based molecular devices.
In the previous study, Ni was also employed as one of the electrodes in tunnel junction-based molecular devices. The objective of utilizing Ni-based tunnel junction was to conduct a reversible experiment (Tyagi et al. 2007 ). Molecular bridges were successfully bridged and broken twice to clearly demonstrating the proof of concept. Hence, one can conclude that Ni electrode was not harmed during tunnel junction fabrication and molecule attachment process. According to best of our knowledge, only NiFe, Co, and Ni were attempted in tunnel junction-based molecular devices (Tyagi 2011; Tyagi et al. 2015a, b, c) . A summary of their suitability with regard to oxidation and etching criteria is presented in Table 1 .
An FM electrode in an MTJMSD is expected to chemically bond with -S linker of intended molecular device element. Utilization of NiFe invokes two concerns: (i) Will surface oxidation near room temperature inhibit the chemical bonding between NiFe and molecules? (ii) Will exposure to ambient conditions affect the stability and integrity of NiFemolecule bonding via thiol linkers? The thiol linker is the most widely used anchoring group in molecular devices (Petta et al. 2004; Heersche et al. 2006) . For instance, thiol linker has been employed in molecular devices using alkane (Petta et al. 2004) , inorganic molecules (Tyagi 2011; Tyagi et al. 2007) , and nanoparticles with thiol functional groups (Luber et al. 2005 ). Tyagi (2012); Tyagi et al. (2007) utilized thiol-functionalized molecules with NiFe electrodes.
To discuss the feasibility and durability issue related to NiFe-thiol (-S) bonding, we begin with insights from prior studies focusing on the NiFe interacting with sulfur (S) containing gasses. Here we assume that nature of the interaction of NiFe with the thiol (-S) functional group is similar to that of S. We believe that understanding S and NiFe interactions will provide useful insights for understanding the stability of bonds between thiolated molecules and NiFe in ambient conditions. Fortunately, S on NiFe is significantly more reactive and aggressive than O and this phenomenon is extremely useful for molecular device fabrication. In power generation plants S containing gasses damages the NiFe (Lad et al. 1986 ). Sulfur damaged the protective oxide layer and then chemisorbed on the NiFe surface (Lad and Blakely 1986 ). Lad and Blakely (1986) and Lad et al. (1984 Lad et al. ( , 1985 Lad et al. ( , 1987 have extensively studied the interaction of S on the pristine and oxidized NiFe. Due to favorable thermodynamics, S can persist on the NiFe surface for *800°C (Lad and Blakely 1987) . Stability of -S linker bonding with NiFe was studied. Typically, -S linkers of a molecule bond with NiFe surface (Fig. 4a) and then oxidation commences (Fig. 4b) . It was shown that subsequent oxide grew around S but did not replace NiFe-S bond (Fig. 4c) . The binding energy of chemisorbed -S on Ni and Fe is *4.5 eV/atom (Lad and Blakely 1987) . However, the binding energy of O with Ni is *3.8 eV/atom (Wu and Wang 1997) . Due to this, S can displace even O from the NiFe surface and remain stable at very high temperatures (Lad and Blakely 1987) . However, if a NiFe surface is exposed to O and S together, it starts accommodating both of them (Fig. 4b) . The equilibrium configuration of O-and S-affected surface area will be governed by both thermodynamic and kinetic factors (Lad and Blakely 1987) . The S atoms on the NiFe surface stayed in the adsorbed state for even up to *800°C (Lad, et al. 1985) . The -S atoms on the pristine NiFe surface form p(2 9 2)S configuration (Fig. 4a) . However, O on the S-treated NiFe surface adsorbed in c(2 9 2)O form (Fig. 4b) or as iron oxides (FeOx) (Fig. 4c ). It will depend upon the O exposure limit and temperature (Lad and Blakely 1986; Lad et al. 1985) .
The utilization of NiFe in molecular devices is highly likely to expose it to ambient conditions where some degree of surface oxidation is unavoidable. Partial oxidation produced sub-nm-thick FeOx pockets that will be surrounded by elemental Ni on the surface (Fig. 4d) (Bruckner et al. 2001a, b; Chenakin 1995) . Interaction of S on the partly oxidized NiFe surface is expected to establish an equilibrium amount of adsorbed S content (Fig. 4e) (Lad and Blakely 1987) . To acquire an equilibrium amount, the S atoms can even penetrate through grain boundaries of the preexisting FeOx (Fig. 4e ) (Lad and Blakely 1986) . The (encircled red colored) S situated in the vicinity of grain boundary (Fig. 4e) is highly likely to penetrate and attack preexisting oxides. As a result the preexisting oxide islands will reduce to an equilibrium limit (Fig. 4f) . This discussion strongly suggests minimizing high-temperature exposure of NiFe to mitigate FeOx growth before (Fig. 4d) . Based on the data of Figs. 2 and 3, we suggest that the high-temperature limit for utilizing NiFe in molecular devices is *90°C
. Additionally, exposure time will also be critical. The utilization of NiFe, with oxide pockets (FeOx) on its surface, requires careful consideration of molecule types and the device fabrication protocol. The molecular device fabrication approach relying on sandwiching self-assembled thiol-functionalized molecular device elements between the two metal electrodes would require an oxide free NiFe surface. Otherwise, the localized oxides on the NiFe surface will become the part of the device (Fig. 4g ) and may create an artifact while studying the molecular transport characteristics. The NiFe can also be utilized in the mechanical break junction, and electromigration produced planar nanogap junction molecular devices. However, one needs to be careful since this approach utilizes only single or a few molecules as molecular device elements. Efficacy of bridging single molecule between FM electrodes may be adversely influenced by the oxide zones in the nanogap area (Fig. 4h) . If the thiol function of molecules is going to interact with the oxidized part of NiFe, then overall regular transport will be a cumulative effect of molecular and oxide channels. An MTJMSD approach is particularly promising to accommodate thiol-functionalized d Partly oxidized NiFe due to RT exposure to air will have subnm-thick FeOx pockets, surrounded by the elemental Ni pocket. e Exposure to S will enable the attack along the oxide imperfections to produce f an equilibrium amount of areas interacting with S and FeOx. Interaction of thiolated molecules with the oxidized NiFe electrode employed in g 2D molecular self-assembly-based molecular device, h nanogap break junction, and i exposed edge magnetic tunnel junction molecules even though pockets of oxides exist on NiFe surface (Fig. 4i) . We surmise that during the self-assembly of molecular device element via thiol functional group the NiFe surface will not be influenced by the ambient oxygen.
To validate this hypothesis, water contact angle was measured in different states of NiFe surface. It is noteworthy that water contact angle study is very sensitive toward the change in surface chemistry (Cassie 1948) . A 48-h exposure to ambient oxygen increased the water contact angle by *35°with respect to the water contact angle on the freshly deposited NiFe film (Fig. 5) . However, NiFe surface was dipped in OMCs with the thiol anchoring groups (Li et al. 2006a, b) ; an increase in water contact angle was *70°with respect to water contact angle on the pristine NiFe surface (Fig. 5) . It is noteworthy that after OMC self-assembly, NiFe surface was throughly rinsed with the CH 2 Cl 2 and IPA to wash off unbonded OMCs. This study affirms that during the self-assembly of thio functionalized molecules on NiFe ambient oxygen did not interfere. If oxygen was to defeat the interaction between OMCs and NiFe, then the increase in water contact angle was expected to be *35°.
To confirm the hypothesis that NiFe film exposed to ambient oxygen near room temperature can produce MSD a simple form of MTJMSDs were produced. For this experiment, an array of magnetic tunnel junctions (MTJs) with exposed sides was produced by the liftoff method and stored for *8 months. In-depth details of this approach have been published elsewhere (Tyagi et al. 2015a, b, c) . For the fabrication of MTJs on oxidized Si (Fig. 6a) , photolithographically an array of cavities was generated (Fig. 6b) . In these cavities, sequential deposition of thin films (Fig. 6c) was followed by the liftoff of photoresist (Fig. 6d) . Liftoff step produced *7000 MTJ/mm 2 area with the exposed sides for hosting molecular channels (Fig. 6e) . By the virtue of its simple design, MTJs did not encounter more than room temperature in the open ambient. For this study, MTJ with Co (5 nm)/ NiFe (5 nm)/AlOx (2 nm)/NiFe (12 nm) thin-film configuration was studied. This MTJ configuration was chosen because of its ability to exhibit strong antiferromagnetic coupling with the OMCs (Tyagi et al. 2015a, b, c) . Eight-month-old MTJs also exhibited the difference in Ferromagnetic Resonance (FMR) signal (Fig. 6f) . Nearly 70 % decrease in FM signal intensity shows that OMC affected that *70 % MTJs. This reduction in FMR intensity is attributed to the OMCs induced strong antiferromagnetic coupling (Tyagi et al. 2015a, b, c) . This intensity reduction could be 100 % depending on the percentage of MTJs affected by the paramagnetic molecules (Tyagi et al. 2015a, b, c) . We found that this result is in agreement with the FMR study on the freshly prepared MTJ array. This sample produced a significant reduction in FMR signal due to OMCs (Fig. 6g) . Also, FMR studies were very helpful in monitoring the stability of molecular device element bonding with the FM electrodes with time. Another MTJ sample producing the even more contrasting FMR signal change after the attachment of OMC channels was studied for several months. This sample continued to exhibit strong molecule-NiFe electrode bonding by producing consistent FMR signal.
Cross-junction form of liftoff-based MTJs were also studied to understand the impact of high-temperature ([90°C) processing steps on the likelihoods of making MTJMSDs. After the deposition of the bottom electrode, a photolithography step was accomplished to allow the deposition of *2 nm AlOx, and top FM electrode (Fig. 7a) . The liftoff of photoresist produced cross-junction with the exposed side edges (Tyagi 2012; Tyagi et al. 2007 ). The exposed sides facilitated the bridging of molecular channels between two FM electrodes. It is noteworthy that initially the photoresist baking temperature was kept B90°C to facilitate easy liftoff for creating exposed MTJ edges. Advantageously, this low photoresist baking temperature by default kept an upper limit of overall process temperature around *90°C, in accordance with data shown in Fig. 1a . Bare NiFe (10 nm)/AlOx (2 nm)/NiFe (10 nm) tunnel junction showed a clear tunneling behavior (Fig. 7c ). After interaction with OMCs (Fig. 7b ), tunnel junction current increased significantly (inset of Fig. 7c) .
When a bottom FM electrode was produced by a method causing surface oxidation, no success in attaching molecule between two FM electrodes was reported (Hu 2011) . Especially, the bottom electrode produced by the chemical etching route did not allow OMC bridging between two FM electrodes (Fig. 7f) . To pattern bottom electrode by chemical etching, a NiFe film needs to be protected by the hard baked photoresist. Typical hard baking of photoresist protective layers is conducted[100°C to avoid unwanted chemical etching in the bottom electrode area. Hu (2011) concluded that their experimental protocol Fig. 7 3D view of tunnel junction with exposed side edges a before and after attaching b OMCs to form MTJMSDs. c Currentvoltage study of a NiFe (10 nm)/AlOx (2 nm)/NiFe (10 nm) tunnel junction showed the increase in current due to OMCs. d Continuous surface oxide on bottom electrode will e preclude the formation of covalent bonding between -S of molecules and bottom FM electrode. f No effect of OMCs on current-voltage study was observed on a MTJ for which bottom electrode was produced with chemical etching produced *0.7 nm oxide layer on the bottom electrode. This study confirms that MSD's fabrication protocol must be designed to avoid higher temperature air oxidation possibilities in electrode patterning.
Summary
Molecular spintronics device research can tremendously advance with the knowledge of suitable ferromagnetic materials and methodology to incorporate them without adversely altering their surface properties. This paper discussed the NiFe surface oxidation properties with temperature in the air to understand the limits to be considered while designing fabrication schemes. We found that after the 90°C temperature, NiFe oxidation proceeded rapidly and hence suggests that device fabrication protocols should use this temperature as a threshold while performing a fabrication in the open ambiance. However, we are not sure if this temperature limit is also good for the ambiance with varying oxygen contents and should be considered in the future studies. This paper also showed that NiFe is significantly resistant against chemical etching when exposed to common resist developer solutions utilized during photolithography and dichloromethane-like solvent used for molecular self-assembly. Molecules with thiol functional groups are an excellent choice for chemical bonding with the NiFe electrodes. NiFe bonds with S are highly stable in the ambient conditions and thermodynamically favored over oxidation. Considering the thermodynamic advantage, S can even replace a part of preexisting O on the NiFe surface and make chemical bonds. NiFe is also useful in mitigating the stress-induced mechanical deformities on other common FM materials like Co. Here we demonstrated two device fabrication protocols that were designed by carefully considering the NiFe limits and merits. Both device fabrication protocols rely on a prefabricated tunnel junction where the liftoff produced exposed side edges for hosting molecular channels along the perimeter. Our study shows that NiFe and paramagnetic molecules are highly promising for producing novel forms of magnetic metamaterials.
